Introduction
The process of electrical power transmission from power generation stations to residential, industrial and commercial areas, involves the use of grain oriented silicon steels as a soft magnetic material in transformer cores. Compared to some other magnetic materials these alloys are not only economic, but also yield a high magnetic flux under an applied field of 800 A/m (B 800 ). [1] [2] [3] These properties are related to the presence of Goss grains in the alloy, which have a crystallographic orientation having the < 100 > direction parallel to the rolling direction (RD) and {110} plane parallel to the rolling plane (ND) of the steel sheets. These are then arranged in laminates in the transformer core. It has been demonstrated that < 100 > is the easiest magnetization direction for a bcc lattice. 4, 5) Therefore having a high density of Goss grains serves to increase the magnetic anisotropy of the steel through altering the shape of the hysteresis loop, and hence, reduces hysteresis losses. However, in industrially processed polycrystalline steel sheets grains are often deviated from the ideal Goss {110} < 100 > orientation. In a given grain the angular distance from the ideal Goss orientation is called the deviation angle, which has been used to describe the sharpness of the Goss texture in the material. [6] [7] [8] 
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The formation of Goss texture in the steel is generated through complex thermomechanical processing starting from the melt to the final recrystallization anneal.
9-11) As a result, there are a larger number of process variables involved, although variables related to steel chemistry and downstream processing schedules have been thoroughly studied. 12, 13) After obtaining an ingot with a particular chemical composition, the subsequent sheet processing involves a sequence of hot and cold rolling stages, together with recrystallization anneals. Based on the steel chemistry and cold rolling schedules grain oriented Si-steels are divided in two broad classes: one-pass or two-pass. 2, 14) Those sheets that are produced from one pass cold rolling are also known as high permeability grade steels, 15, 16) while the conventional grain oriented silicon steel (CGO) grades are produced from two-pass cold rolling. 17, 18) A major difference between these two grades is in the use of inhibitors in the melt: MnS and AlN particles form in the high permeability grade 19) but only MnS particles form in CGO.
20)
During the final annealing process, certain Goss oriented grains grow significantly faster to produce very large grains compared to the matrix grains. Since this growth process is highly orientation selective it is known as secondary recrystallization or abnormal grain growth. 21, 22) According to the literature, abnormal growth of Goss grains is facilitated by pinning and restriction of growth of the matrix grains. 19, [23] [24] [25] The theories explaining abnormal growth fall into two broad categories: oriented nucleation and growth selectivity. 26, 27) Between these two theories, the growth selectivity theory has been more broadly supported in the literature, since the first development of these alloys in 1934. This theory relies on the presence of coincidence site lattice (CSL) boundaries around the Goss grains and these types of boundaries are assumed to be less strongly pinned by inhibiting particles due to their early dissolution during annealing. This, thus, allows Goss grains to grow exclusively and consume the matrix grains. 28, 29) The other theory, which is based on orientation nucleation, is derived from the notion that Goss grains are larger in the primary recrystallization state and therefore during secondary growth they grow preferentially. 30, 31) As noted above, this theory is, however, relatively less well supported in the literature.
In spite of extensive research, the exact mechanisms that drive exclusive Goss growth amongst other oriented grains remains unresolved. 28, 29, [32] [33] [34] It is interesting to note that although Goss texture sharpness is a vitally important property, only limited research has been done to investigate this phenomenon. 35) It is noted that the CSL theory largely relies on the sharpness of Goss grains in the sense that a perfect Goss orientation is more likely to be surrounded by grains having a CSL relationship and, therefore, has a growth advantage over other orientations. Following this notion Ushigami, et al. 17, 36) found that the sharp Goss grains in the primary recrystallized structures grow earlier at lower temperatures compared to the more strongly deviated Goss grains. Therefore, Goss sharpness seems to be strongly affected by the secondary recrystallization temperature. 36, 37) In addition to this, Sokolov, et al. 37) observed that a sharp Goss texture forms within a small window of annealing temperature (typically from 860°C to 1 050°C), outside of which the orientation deviation from the ideal Goss increases dramatically. In their study the details of material chemistry and processing schedule (whether this is single cold rolled or double cold rolled) were not noted.
The differences in material chemistry and processing schedule between the CGO and high permeability grades have implications on the secondary grain growth mechanisms and textures. In this study the effects of annealing conditions, on the secondary grain growth in a CGO grade primary recrystallized sheet is elucidated by conducting a series of annealing experiments at varying temperatures, times and heating rates. The structural and orientation changes in this study are investigated by scanning electron microscopy (SEM), electron backscattered diffraction (EBSD) and transmission electron microscopy (TEM).
Experimental
In this study, a commercially produced CGO silicon steel was studied. This was heat treated to the primary recrystallized condition and exhibited a distribution of equiaxed grains 15 ± 10 μm in diameter. The chemical composition of the as-received material was evaluated using inductively coupled plasma -optical emission spectrometry (ICP-OES) and the data are presented in Table 1 . The presence of Mn and S suggests the existence of MnS particles as inhibitors to grain growth. Briefly, on the primary recrystallized sheet processing, the hot-band was cold rolled in two steps, in the first step the sheet was rolled to 0.7 mm thickness, it was then subjected to an annealing treatment at 950°C in a H 2 / N 2 gas atmosphere, and then in the second step the sheet was further cold rolled to 0.30 mm thickness. Finally, the sheet was subjected to a decarburization annealing treatment in H 2 /N 2 atmosphere for 4-5 minutes at 820-830°C.
For conducting heat treatments, samples with dimensions of 30 mm × 4 mm were subjected to annealing treatments at 800°C or 1 050°C for times ranging from 5 to 300 minutes in one of two heating schedules (rapid heating (RH) and slow heating (SH)). In the RH schedule the samples were placed into the furnace chamber after the furnace temperature had reached and stabilized at the target temperature. In the SH schedule the samples were placed inside the furnace chamber at room temperature and then the temperature was ramped up at 5°C/min rate. Annealing was carried out in an air-circulating furnace at ± 5° variations once the annealing temperature was reached. Following annealing, all samples were air cooled outside the furnace chamber. The parameters used in the annealing experiments are listed in Table 2 .
An electron back scattered diffraction (EBSD) investigation of the section perpendicular to the transverse-direction (TD) and normal-direction (ND) was conducted after preparing the surfaces by mechanical polishing with colloidal silica. EBSD data acquisition was performed using an Oxford Instruments system attached in a Carl Zeiss Auriga Dual Beam scanning electron microscope (SEM). During EBSD scans a 20 kV beam was rastered with 1 to 3.5 μm step size over a predetermined area. The EBSD data analysis was conducted using HKL Channel 5 TM software. Specimens for transmission electron microscopy (TEM) were prepared by mechanical thinning to ~100 μm followed by twin jet eletropolishng using a Tenupol 5 machine that operates at 35 V applied DC potential using a 10:90 volume ratio of perchloric acid (70%) and methanol chemical mixture. Polished specimens were examined in a Philips CM200 TEM operating at 200 kV to which energy dispersive spectrosocpy (EDS) facilities were interfaced.
Results
The EBSD measured orientation maps and corresponding < 200 > pole figures of the as-received and 5 minute RH annealed at 900°C samples are shown in Figs. 1 and 2. Figure 1 (a) is a small representative area of a large scan covering an area ~4 mm in length along the RD and full sheet thickness. In this map the grains within a 15° angular distance from the Goss, η-orientations and γ-orientations are plotted in fuchsia (in online version), dark grey and light grey, respectively, and the other orientations are plotted in white. From a thorough examination from several EBSD scans the following key features of the Goss oriented grains are summarized: ○ The size distribution of Goss oriented grains is identical to the overall grain distribution in the sample. The size of the largest Goss grains (~30 μm) is also comparable to the largest grains of other orientations, and this indicates that Goss grains do not have size advantages in the primary recrystallized state.
○ There is no preferential spatial distribution of Goss grains across the sheet thickness. Of note, the larger Goss grains ( > 25 μm), which are of special focus since the exhibit a size advantage, are also found to be evenly distributed.
○ The coincident site lattice (CSL) Σ9 boundaries, that have been thought to play a key role in Goss growth 29, [32] [33] [34] 38) ), present only in a very small fraction of grains (see the thick blue grain boundary lines) and are nonpreferentially associated with a broad range of orientations of the primary recrystallized textures. The Σ9 boundaries are plotted using Brandon's criteria 39) and only occupy ~0.6% of the total boundary length over a 2-62.5° misorientation range.
○ The misorientation histograms of the grain boundaries enclosing the Goss grains are comparable with the overall boundary distributions in the sample. However, as shown in Fig. 1 when the Goss grains are surrounded by η-fibre grains the next neighbour histogram changes. This is shown in detail in Fig. 3 , whereby the misorientation angle of the aggregate is distributed over a higher angular range than the Goss grains.
○ The orientation perfections of the Goss grains are not related to their size i.e. the larger Goss grains ( > 25 μm) do have closer orientations to ideal Goss locations.
The < 200 > pole figure in Fig. 1(c) is plotted from a large scan from which Fig. 1(a) was cropped. In this pole figure one orientation data per grain is plotted. Overall, the orientations are distributed along two major fibres: the γ-and η-fibres, which are marked by the superimposed gray (orange in online version) lines. The grains in the γ-fibre have < 111 > parallel to the ND and the grains in the η-fibre have < 100 > parallel to the RD of the sheet. The Goss orientation is located in the centre of the η-fibre. In terms of the spatial distribution of the γ-and η-fibre grains, the γ-oriented grains are evenly distributed without having an obvious location preference, but the η grains are located in the subsurface region (see the colour coded plots in Fig. 1(a) ).
Annealing experiments performed with the RH schedule were conducted over a temperature range from 800°C to 1 050°C. No secondary grain growth occurs below 900°C and therefore data from annealing at 900°C (as the lowest temperature considered here) is presented. After 5 minutes of annealing at 900°C, overall grain growth occurred (see the orientation map in Fig. 1(b) ). Remarkably, the grains in the subsurface regions (along the dotted line) have achieved greater growth relative to elsewhere in this section. In this map, the η-and γ-grains are colour-coded as dark grey and light grey, respectively, and thereby it is found that the η and γ grains are located near the subsurface and middle regions of the sheet, respectively. However, there are no Goss oriented grains within the grown grains. Notably, the largest observed grain (marked + in Fig. 1(b) ) has a {102} < 251 > orientation, which is at 35.4° angular distance from the ideal Goss orientation. Since the grains in the subsurface regions achieve faster growth, the rolling plane sec- tion (the plane at right angle to the ND) at this thickness was thoroughly investigated, and, thus, evidence of an extended Goss growth was captured and shown in Fig. 2(a) . There are other grown grains surrounding the giant Goss grain. Their sizes are similar to that found in the TD cross section (marked + ) in Fig. 1 orientations are marked. These γ and η grains exhibit faster growth than the overall matrix, but are still much smaller than the giant Goss grain shown in Fig.  2(a) . It is noteworthy that there are many Goss grains in the matrix having orientations within 15° spread from the ideal Goss, but they do not achieve abnormal growth. This indicates that the neighbouring grain orientation relationship of a Goss grain is important for promoting abnormal growth. This finding has been reported in many other studies.
36,40-43)
Practically, once growth of a Goss grain has occurred, to some extent the neighbouring grains become consumed and their orientation information is lost. This has been one of the prime technical challenges that hinder addressing the central question of this topic i.e. how growth of Goss grains initiates at the very early stages of secondary recrystallization annealing. Overall, the texture of the matrix grains in the 5 minutes annealed sample remains identical to the primary recrystallized textures with predominance of the η-and γ-fibres (compare Figs. 1(c) and 1(d) with 2(b) ). Fig. 4 represents a small area from a large number of scans for finding true representation of growth. Depending on the size of the growing grains in a given sample, the number of such scans can be as many as 42. Figures 4(a) -4(c) show the nature of grain growth after 10 to 60 minutes of RH annealing at 900°C. In Fig. 4(a) , two growing grains are identified within the scan area: one is 22.1° (white) and the other is 8.8° (gray (pink in online version)) away from the ideal Goss orientation. The other regions show normal growth of matrix grains. In the 30 minutes annealed sample in Fig. 4 (b) some grains are grown through the entire sample thickness. Then, during subsequent heating to 60 and then 300 minutes, secondary grain growth reaches completion through the entire sample sheet thickness (see Fig. 4(c) ). In addition, there are some grains trapped near the mid-thickness of the sheet. These are typically known as island grains. Two features of island grains are of particular interest: (a) despite extending the annealing time up to 300 minutes some island grains still remain present and (b) some island grains are lined up along the mid-thickness or at the surface of the sheet. The former feature, i.e. their sustainability, indicates that presumably some sort of local orientation relationships across their boundaries with the growing Goss grains renders these boundaries highly immobile. Figures 4(d)-4(f) show orientation maps of sheets that were RH annealed at 1 000°C. Identical growth phenomena to that at 900°C were observed and at the end of the annealing treatment this resulted in very large secondary grains. Nevertheless, the following exceptions in their growth phenomena are also identified:
Structural Developments during the Growth Process
○ Faster growth occurs in the earlier annealing stages: the grains after 5 minutes annealing at 1 000°C are larger than the 900°C sample after 10 minutes (compare Figs. 4(d)  with 4(a) ).
○ At the completion of secondary growth the grains in the 1 000°C sample are smaller than those in 900°C sample (compare Figs. 4(f) with 4(c)).
○ The island grains are larger in the 1 000°C annealed sample compared with those in the 900°C annealed sample. In either case they remain stable after extended annealing up to 300 minutes (Fig. 4(f) )
In the samples that were annealed by slow heating (SH) at 5°C/min rate to 900°C the annealing time is measured once the temperature reached 900°C and, therefore, faster recrystallization was obtained compared with the RH samples (compare Figs. 4(g) with Fig. 4(a) and 4(d) ). Moreover, the average size of secondary recrystallized grains in the SH annealed samples is larger than the RH samples (compare Figs. 4(g) with 4(a) ). It should be noted that some differences in the grain sizes are not apparent in the EBSD maps presented in Fig. 4 . For instance, grain size differences between Figs. 4(c) and 4(i) are not readily apparent, because the same field of view is maintained in all the images presented in Fig. 4 (see the single scale bar for all the panels). However, the difference becomes more pronounced when large area data was measured covering almost 12 cm along the sample length.
It has been found from extensive EBSD scans that the RH annealed samples at 900°C exhibit more island grains than the equivalent SH annealed samples. However, it is interesting to note that the spatial distribution of island grains following RH annealing at 900°C and 1 000°C are different. In the 900°C annealed sample the island grains are largely present in the surface and mid-thickness regions and in the 1 000°C annealed sample they are distributed randomly across the entire sample thickness. This presumably happens due to the differences in the growth chronology at these two annealing temperatures and will be discussed later.
Texture Evolution
According to the observations shown in Fig. 2 (a) (rolling plane) secondary recrystallized grains are easily distinguishable through their size differences with matrix grains. In this image the grains over 500 μm in diameter are considered to have achieved secondary/abnormal growth. Although some other grains also have grown larger than the average matrix aggregate, their growth is limited below 100 μm in diameter, and, therefore, are considered to have undergone conventional grain growth. Figure 5 shows a series of < 200 > pole figures that represent the orientations of grains that achieved secondary growth during RH annealing at 900°C and 1 000°C and SH annealing at 900°C. In these pole figures one orientation point per grain is plotted. Only a small number of grains were found to achieve secondary growth after 5 and 10 minutes RH annealing at 900°C. However, the number of secondary Goss grains increases with increasing annealing time. It should be noted, however, that annealing at 1 050°C significantly deteriorates the formation of secondary Goss texture and, therefore, was not characterized further in this investigation. Identical findings were noted from an early investigation by May and Turnbull, showing the detrimental effects of high annealing temperatures (1 050°C to 1 150°C) on both Goss texture and magnetic properties. 44) There are two key phenomena that were found as annealing progresses:
○ The Goss texture intensifies with annealing time as this is shown by outlining the orientation spread around the ideal Goss. The spread around the Goss orientations is symmetrical.
○ The number of secondary recrystallized grains, other than those with Goss orientations, becomes fewer with increasing annealing time. This is apparent from the reduction in the scattered orientation points with annealing time. That is, compare the scattered points in the samples annealed for 30, 60 and 300 minutes at 900°C (in Fig. 5 ). This implies that although some non-Goss grains achieve secondary growth during the early annealing stages, later these grains become consumed by the growing Goss grains having orientations closer to the ideal Goss (within 15°).
In comparison to the samples annealed at 900°C, the secondary growth at 1 000°C show some differences in the sense that some η-and γ-orientated grains also achieve secondary growth during the early stages of annealing for 5 and 10 minutes. This is indicated from the oblong-shaped orientation spread of Goss, the spread is ± 25° along the ND-TD line from the ideal Goss orientation. However, as the growth continues the η-and γ-oriented secondary grains become consumed by Goss grains and a symmetric orientation distribution around the Goss orientation is established. Unlike the RH annealing at 900 and 1 000°C the grain growth in SH (5°C/min) at 900°C is more orientation selective to Goss. This becomes apparent when the equivalent pole figures at 900°C RH with 900°C SH in Fig. 5 are compared after extended annealing. However, in the earlier heating stages during the SH annealing (e.g. 5 minutes) the secondary grain orientations are almost random.
During the growth of the secondary Goss grains the orientations of the remaining matrix grains that experience some conventional growth were monitored and it was found that they maintain, overall, the same recrystallization texture as the as-received material (containing the η-and γ-fibers). This trend remains unchanged up to the end of the secondary growth process in all the samples. To demonstrate this phenomenon a representative < 200 > pole figure is presented in Fig. 6(a) from the 60 minutes annealed RH sample at 1 000°C. An identical texture distribution to that of the as received material is identified containing the η-and γ-fibers (Fig. 1) .
In all the annealing experiments performed, some island grains were found located in the interior of the large secondary recrystallized grains (see Fig. 4 for example). The three dimensional connectivity of island grains was often questioned in concern to sectioning artifacts. Fig. 6(b) shows that the orientation of the island grains in the sample annealed for 60 minutes at 1 000°C, which are identical to the primary recrystallization texture of the matrix grains. A general orientation check of the island grains in all the samples was conducted and no orientation preference with the grain enclosing them was found. This phenomenon was maintained in all the samples although the nature of island grains varied with annealing conditions, such that, island grains were larger and more commonly observed when annealing was conducted at higher temperatures (e.g. 1 000°C).
Discussion
In this investigation, the temperature range from 900 to 1 000°C was found to be critically important for the abnormal growth of Goss grains. This was identified in two ways. Firstly, abnormal growth of Goss was not achieved when isothermal annealing was conducted outside this temperature range and, secondly, the early growing grains during the slow heating experiments were not Goss oriented (since it is highly likely that growth started below 900°C).
These observations indicate that the inhibiting particles play a critical role in the exclusive determination of Goss growth. Although no theory has been unanimously accepted for accounting for the Goss growth mechanism, the role of inhibitor particles has been generally regarded to be critical, since it has been found that without these inhibiting particles Goss growth does not occur. 20) A recent summary of all major theories of the growth of Goss grains and their limitations are described in an article by Morawiec. 45) Based on the chemistry of the current material (in Table 1 ) the most probable inhibiting particles are likely to be MnS. Figure  7(a) shows bright field TEM images of the as received primary recrystallized material, showing a dispersion of particles at both grain boundaries and in the grain interiors. The particle size varies in a range from 20-300 nm. TEM-based energy dispersive spectroscopy (EDS) analysis shows these particles are primarily composed of Mn and S (see the line scan profile across the particle show in Fig. 7(b) . This particle is located at the boundary of two grains and thus resists the grain boundary movement, as shown in the STEM image in the inset of the EDS spectrum in Fig. 7(b) . The effectiveness of the selective pinning is thought to be realized by the smaller, more coherent particles, however direct evidence is yet to be found. Further experiments based on dynamic annealing are required to investigate this further.
The primary role of these particles is to stabilise the matrix by making it resistant to growth and, thus, provide a growth advantage to certain grains, in this case Goss grains. This means that the more uniform the matrix, the less drag force is required to be exerted by the particles.
27) The matrix stability is not only important to instigate Goss growth during the early annealing stages, but also at all instances as annealing progresses, and thus Goss growth is assured to continue. Therefore, a chronological development in the microstructure is important to understand how (a) Goss grains initiate growing, (b) matrix grains remain homogeneous and (c) island grains form. Figure 8 shows several orientation maps that are captured at different growth conditions in a 900°C RH annealed sample. In Fig. 8(a) the grains near the subsurface regions achieve more growth than those near the centre and, thus, the size homogeneity starts breaking up and giant Goss grains start growing in the subsurface regions. It was shown in Fig. 1 that the η-fibre texture dominates at the surface region and this indicates that Goss grains have some growth advantages if they are associated with η-fibre grains. Likewise, Goss grains may also grow from the other sides of the cross-section and, thus, the growing grains meet near the centreline (Figs. 8(b) and 8(c) ). Meanwhile some grains closer to the centre also achieve primary growth and become larger than the matrix (in Fig. 8(b) ). They become trapped between two growing Goss grains at the centre line. When they get trapped as a cluster they may agglomerate together to form one or two larger grains and appear as island grains. In the next stage of the growth process the secondary grown Goss grains from one subsurface region of the sheet cross- section invade into the secondary grown Goss grain that has formed on the other subsurface region of the sheet, but still cannot consume the island grains and, as a result, the island grains thus become arranged along the centre line of the sheet as shown in Fig. 4(c) . An example of a Goss grain consuming another Goss grain after having undergone secondary growth is shown in Fig. 8(d) , whereby the Goss grain formed in the top subsurface is in the process of consuming the Goss grain from the bottom subsurface (marked X). In some situations secondary growth occurs from only one side of the sheet and then it grows to the other side. In this case the Goss grains grow around the large grains and, thus, entrap them as island grains (see Fig. 8(e) ). In this case, the island grains may not essentially line up along the centre line. The growth morphology of the island grains, thus, provides a fingerprint of the growth chronology of the Goss grains in the matrix. For example, island grains in Fig.  4 (c) in the 900°C annealed samples lined up along the centre line, but in Fig. 4 (f) in the 1 000°C annealed samples they are distributed in a more random pattern. It is interesting to note that there is no orientation preference of the island grains although they have highly immobile boundaries with the Goss grains ( Fig. 6(b) ).
In this investigation the variations in the nature of secondary grains growth with heating rate and annealing temperature are clear. These become apparent from the differences in secondary grain size, and which, in turn, is related to the frequency of secondary grain formation. In this research, EBSD mapping was conducted over a distance up to 15 cm in length along the RD to obtain a statistical validated result on the grain size measurements. The size of a grown grain was measured from the length along the RD, since the growth along ND is restricted by the sheet thickness to 0.3 mm. The data is presented in Fig. 9 as an average grain size against annealing time. In the RH 1 000°C annealed samples the recrystallized grain size grew to a length of ~1.0 mm long and then reached saturation. According to the growth chronology shown in Fig. 8 , this indicates that secondary recrystallization takes place at distances apart of ~1 mm and then these grains grow to consume the primary recrystallized matrix until encountering another growing secondary grain. Once two growing grains meet the growth process slows down and reaches saturation. Therefore with further annealing up to 5 hours further growth becomes negligible. In the same mechanism, at 900°C RH annealing the grains continue growing to 3.5 mm up to 60 minutes annealing and then saturation is achieved. Therefore at 900°C successful secondary grain growth occurs over 3.5 mm average distances and the final grain size is larger.
From the aforementioned observation, it is obvious that at a higher annealing temperature secondary growth of Goss occurs at more frequent locations, which is more likely due to faster dissolution/coarsening of the inhibiting particles at the higher temperature. It may also be considered that there is less restriction on boundary conditions at higher annealing temperatures that makes a specific Goss grain easier to grow. The corresponding < 200 > pole figures shown in Fig. 5 demonstrate that there is a larger spread in the secondary grain orientations in the sample RH annealed at 1 000°C, which supports the concept of relaxation in orientation selectivity at higher temperatures. In the SH sample annealed at 900°C, however, secondary growth occurs at less frequent locations, and therefore the grains become larger in the earlier stages of annealing. This is indicated in Fig. 9 . The 900°C SH sample reaches an earlier saturation at ~30 minutes with 2.5 mm average size compared to the 3.5 mm average size in the RH annealed sample at 900°C. It should be noted that the time measurement in the SH experiments started when the furnace temperature reached 900°C. Clearly, secondary growth commenced before the temperature reached 900°C (see Fig. 4(a) ), and therefore secondary recrystallization occurs in more frequent sites and thus yields smaller final grain sizes. Since orientation and size of secondary Goss grains is a function of both annealing temperature and heating rate, it is noted that the smaller grain size and larger orientation spread will have detrimental effect on hysteresis loss, 6, 7, 46) and therefore 900°C RH annealing yields the best texture within short annealing times (i.e. 30 minutes) in the materials investigated.
Finally, in the current material two grain interior features were found with respect to the secondary growth of Goss: crystal defect structures and particle dispersion. A thorough investigation in the as-received sample was conducted by TEM and no evidence of dislocation substructures were found except for a few isolated, residual dislocations as is shown in Fig. 7(a) . This is a commonly found feature in many recrystallized metals, 35) and therefore are not regarded as evidence to support the theory by Lee, et al. 47) and Ko, et al., 48) which correlates the presence of sub-boundaries that enable Goss grains to grow through a solid state wetting mechanism. The particle dispersion in the grain interior of the primary recrystallized grains is found to be similar to that presented by Flowers et al. 4) in Si-steels. Although the inhibiting theory is based on the particles at grain boundaries, the grain interior particles are not considered to be less important because when a boundary starts moving and encounters particles in the grain, the boundary must overcome them for continued growth. Therefore, growth becomes favorable if the grains to be consumed contain fewer particles (e.g. by dissolution/coarsening at the annealing temperature) or if the moving boundary acts as the dissolution site when it gets encountered by the particles. 
Conclusions
A two-stage cold rolled and primary recrystallized silicon steel was subjected to secondary recrystallization annealing in an air circulating furnace by varying time, temperature and heating rate. The following secondary grain growth phenomena of Goss grains were observed:
○ Annealing in a 900-1 000°C temperature range yields Goss textures through secondary recrystallization. Temperatures above or below this range are not favorable for Goss growth. Isothermal annealing at 900°C gives the strongest Goss textures within the experiment variables in this investigation.
○ At lower temperature, annealing yields less frequent Goss secondary recrystallization grains and therefore at the completion of the growth process larger Goss grains are formed. Also, at lower annealing temperature sharper Goss texture produces.
○ The early growth of secondary grains is more deviated from the ideal Goss orientation because that growth commences at temperatures lower than the critical range i.e. 900-1 000°C. Extended annealing following the completion of secondary recrystallization intensifies the Goss textures by consuming the other oriented grains.
○ The island grains in secondary Goss grains become trapped as a result of extended primary growth of certain matrix grains followed by the growth chronology of the growing Goss grains. The distribution of island grains indicates the grain growth mechanism involved during secondary growth of Goss grains. Island grains are randomly oriented and have no specific orientation relationship with the Goss grains containing them.
